Primary uranium deposits formed by granitic magmas can be classified on two bases: petrologle process of ore formation and tectonic occurrence. Based on occurrence, granitic uranium deposits can be described in the context of two ideal end members: (1) anatectic, mignmtitic, pegmatite-alaskite bodies formed by remobilization of preexisting basement--a type example is the R6ssing deposit of Namibia (South West Africa )--limited geochemical information suggests that these deposits have very low Th/U ratios, are probably rich in elements that are concentrated by surface processes, and may have high initial S7$r/S6$r ratios; and (2) post-tectonic, alkali-rich (including albite-riebeckite) granites in stocks probably derived directly from mantle or deep crustal levels in the form of aliapirie magmas--limited geochemical evidence suggests that these deposits have Th/U ratios > 1 and are rich in elements that form late differentiates during magmatic and deuteric processes; some bodies have low initial 
This paper is restricted to a discussion of those deposits in which high-uranium concentrations are caused by magmatic processes. These deposits include syngenetic occurrences in granites and occurrences in which extensive uranium mineralization in wall rocks is presumably caused by fluids formed during the magmatic crystallization process. The paper does not cover the closely related topic of vein deposits, including such well-known suites as the Hercynian massifs of France and various deposits of central Europe. Hydrothermal deposits have been reviewed by Rich et al. (1977) .
Uranium in Igneous Processes
There are two practical reasons why it is necessary to understand the mode of formation of a uranium deposit. One is that the method of formation has a major influence on the shape and magnitude of the deposit. Primary crystallization of uranium minerals within an ig•cous body will obviously rc,qrict the ore to the pluton. ]n homogeneous plutons the ore may be distributed throughout much of the body, allowing the entire pluton to be mined, generally for low-grade, large-tonnage ore. In differentiated plutons the ore may be restricted to specific rock types, generally the more siliceous and alkali-rich varieties. Similarly, contact metasomatic, pegmatitic, hydrothermal, etc., deposits all have specific shapes, tenors of ore, and relationships to pluton and country rocks.
A second major reason for understanding the origin of a uranium deposit is connected with the surface mobilization of uranium mentioned in the Introduction.
If surface measurements of uranium concentrations are not reliable indicators of ore at depth, then it is necessary to discover some elements associated with uranium that are less readily leached during weathering and may remain as pathfinders for economic concentrations of uranium at depth. The metals associated with uranium clearly depend on the process of deposition. For example, primary uranium in normal members of batholithic sequences should be closely associated with high concentrations of thorium; thus, high Th concentrations in surface rocks may indicate U enrichment at depth. Con-ß versely, vein and pneumatolytic deposits might show a close association of U and Mo (which is also an accompaniment of U in sonhe sedimentary ores), in which case Mo anomalies might be a useful pathfinder for uranium.
General 9eochemistry of uranium
Uranium geochemistry has been summarized in a variety of places (Rogers and Adalns, 1969a and b; I. A. E. A., 1970, 1974) . The most important aspects from the standpoint of the ore geologist are:
1. The uranous (U +•) ion has a radius of 0.89 A and fits very poorly into the lattices of major rockforming minerals. Thus, it tends to accumulate in residual magmas during igneous differentiation. The uranium may then crystallize in late-stage primary minerals such as zircon, allanite, sphene, xenotime, pyrochlore, or, where sufficiently concentrated, in sonhe member of the uraninite-pitchblende (UOe-UO2+,•) series. Sonhe primary deposits also contain uranothorianite, (U, Th)O2; davidite (a complex hydrous iron-uranium-rare earth-titanium oxide); and brannerite (principally uranium titanate).
2. Instead of crystallizing in primary minerals within the maglnatic rock itself, the uranium may be sufficiently segregated into volatile phases so that it is distributed by late-stage processes or escapes from the magma chamber in pegmatitic, pneumatolytic, and high-temperature hydrothermal fluids. Minerals commonly associated with this stage of deposition and other uranyl silicates iu minor amounts.
3. In late-stage, water-rich fluids, uranium is wholly or partly oxidized to the hexavalent form. Deposition of partially oxidized material commonly forms pitchblende (UO2+x) in veins or hydrothermally disseminated deposits. Veins and broader disseminations may also contain uranyl minerals similar to those of sedimentary deposits and include various silicates, phosphates, carbonates, etc.
4. Uranimn and thorium are closely associated iu most primary magmatic rocks, but separation gradually occurs during igneous differentiation. Thus, the Th/U ratio commonly increases from 2 to 3 in mafic rocks to values of 5 to 6 in the more differentiated plutons of an igneous sequence. Some of this separation may be the result of uranium loss into late-stage fluids, in part because of oxidation of the uranium. Thorium is less efficiently separated into vein fluids, and thus primary igneous deposits tend to have Th/U ratios much higher than pegmatites and veins.
Classification of processes
Based on the preceding considerations, Table 1 shows the possible types of igneous processes that could lead to an economic concentration of uranium.
The Kish, 1975) .
Uranium deposits at the contact of some igneous intrusives are composed entirely of secondary uranium minerals, as at Austin, Nevada (Sharp and Hetland, 1954) . At the Midnite mine, Washington (Xash and Lehrman, 1975; Nash, 1977) , ore-grade concentrations are caused largely by secondary processes, but soaking of the contact area around the principal igneous intrusive body may have caused high-temperature formation of protore from magmatically derived fluids. These deposits are not discussed in this paper because so much of the concentration process appears to have been caused by low-temperature fluids.
lqelationship of processes to experimental studies
The deposits discussed in the preceding classification have formed through a considerable spectrum TYPE OF  PHASES  ASSOCIATED URANIUM  CRYSTALLIZATION  PRESENT  PRODUCTS  DEPOSITS   ORTHOMAGMATIC  XLS + MELT  PHANERITIC RX  URANIUM-RICH GRANITES   FROM Variations in pressure, temperature, water content, and volatile content of the magma cause differences in the duration and tilning of these three stages of granite crystallization. At low pressures (less than 1 kb), granites with 3 to 4 percent initial water content will exsolve a fluid phase at sufficiently high temperatures above the solidus so that crystals, liquid, and fluid coexist over a large temperature range (X¾hitney, 1975) . Second boiling, the early release of hydrothermal fluids from magmas, is believed to explain certain features of porphyry copper deposits and is probably important for uranium ore formation.
At higher pressures (5-10 kb), the behavior of •vater-tmdersaturated granites is quite different; the following are some of the differences between highand l•w-pressure granite crystallization. (Whitney, 1975 3. The narrow temperature range (less than 20øC) that separates the magmatic, pegmatitic, and hydrothermal stages of crystallization of granites at pressures in excess of about 1 kb may account for the affiliation of pegmatitic, metasomatic, and vein deposits in the vicinity of batholiths at Bancroft.
Source and Tectonic Environments ooe
Uranium Deposits A knowledge of the petrologic processes described above is necessary in order to predict the detailed location of uranium in and around specific intrusive bodies. In order to determine broad regions which might be fruitful for reconnaissance exploration, it is necessary to understand the relationship between uranium concentration, the source of the uranium, and the tectonic environment in which the igneous body occurs. Among the most important distinctions to make is the one between those areas in which uranium has been released directly from the mantle into the igneous sequence and those areas in which uranium has been derived by remobilization of earlier crustal materials.
Separation of uranium from the mantle
The mechanism by which uranium is released from the mantle is unclear and has many puzzling aspects. If the bonding energy with oxygen is the critical factor in determining the release of elements from solid phases, the uranium would be expected to be released preferentially to thorium, thus explaining the relatively low Th/U ratios in primary mafic rocks. The tendency of the Th/U ratio to increase toward the later differentiates of igneous sequences is opposite to the prediction that would be made on the basis of bonding energy calculations, but the ratio may be largely controlled by loss of hexavalent uranium from the magma chamber during igneous differentiation.
In short, there is a poorly understood mechanism by which uranium is released from the mantle into liquid and fluid phases.
•¾here these phases are mafic magmas, the concentration in the crystallized rocks is generally low (1 ppm or less), and sig- 
3[obilization of uranium by crustal reactivation
Mobilization of uranium from preexisting crustal rocks is the second likely possibility for a source of mineralizing fluids. In particular, sedimentary processes have the ability to concentrate uranium into certain rocks (e.g., organic-rich shales) and to separate it from thorium (e.g., into organic-rich shales and other rocks of low Th/U ratios). Anatectic processes may then operate either on primary, felsic igneous rocks containing moderate levels of uranium enrichment or on sediments, which may contain moderate to high initial uranium concentrations. These anatectic processes may either produce volatile, mineralizing phases or felsic magmas, which could later differentiate to fluids. In either case, there is the possibility for the development of regional or local hydrothermal deposits, pitis the possibility that some silicic lnagmas may be sufficiently enriched in uranium that the primary, crystallized rock itself could be a source of low-grade, disseminated ore.
Relationship of uranium deposits to geologic age
Relationships of uranium deposits to geologic age and/or processes of crustal evolution have been discussed by a number of writers (e.g., Robertson, 1974; Xishimori et al., 1977; Robertson and Tilsley, 1977) . One of the best examples of an age relationship is the concentration of uranium in basal Proterozoic conglomerates, which has been attributed to a variety of processes, such as change in atmospheric composition at the end of the Archeart or release of uranium from the earth's interior during an end-ofArcheart orogenic pulse. Uranium deposits are also common in Grenville-age terranes (e.g., Bancroft, Ontario) and in Pan-African orogenic belts of 500 to 600 m.y. age (e.g., R6ssing, Nambia; eastern Egypt; Currais Novos, Brazil). The reasons for the concentration of uranium deposits at a particular time are unknown, but they may be related to the necessity for accumulating radioactive elements in the upper mantle and lower crust for considerable periods of time in order to supply the energy needed for worldwide orogenic pulses.
One very significant observation has been the absence of uranium deposits from Arcbean terranes. This absence correlates with the generally less lithophilic composition of the Arcbean crust than of the Proterozoic crust (e.g., Eade and :Fahrig, 1971). One explanation for this observation could be that mantle differentiation and crustal evolution occurred only to a limited extent in the Arcbean and generally did not produce lithophile-rich, granitic crust in significant amounts. An alternative explanation is that Arcbean crust was originally as uraniferous as younger crusts but lost mobile elements such as uranium during later orogenic activity.
Tcctmtic classification of i,qneous uranium deposits
Based on these general concepts for the generation of uranium-rich materials, a classification can be proposed for igneous uranium deposits that places the process of uranium mineralization in its tectonic setting. For this purpose, two end members of igneous deposits have been established: the Bokan Mountain deposit of southern Alaska, which is considered to be an ideal example of mantle-derived uranium: and the R•3ssing deposit of South Wrest Africa (Namibia), which is considered to be an ideal example of anatectic remobilization of preexisting sialic crustal material. The identifying characteristics of these deposits are shown in (1963) discussed a two-stage process in which a peralkaline granite of anomalous uranium content initially crystallized to form the types 1 and 2 concentrations. Sometime later, hydrothermal activity moved uranium-rich solutions into the surrounding country rocks and thus produced types 3 and 4 deposits, which are the principal uranium occurrences in the Bokan Mountain area. The contrasting continuous process requires the hydrothermal enrichment system from granite to country rock to be originally magmatic. That is, the same magmatic flnids that caused the primary uranium ore mineralization within the granite also produced mineralized aplites and pegmatites and enriched the country rock in uranium.
As indicated above, Bokan Mountain and many post-tectonic plutons are considered to be mineralization sites of uranium derived fairly directly from the mantle. There is, of course, no absolute proof of this source of uranium, and the proposal is based on the following considerations.
1. The Bokan Mountain pluton shows no evidence of having been produced by local anatexis, in strong contrast to the stratigraphically restricted migmatites of the R6ssing area (described below). 3. As discussed above, substantial release of uranium from the mantle appears to be a common process.
4. Some post-tectonic plutons with geochemical similarities to Bokan Mountain have initial *YSr/S6Sr ratios of 0.705 and lower (see Table 3 
Igneous Uranium in the Eastern United States
The preceding sections can be summarized in the form of a set of criteria that can be used to judge the favorability of an area for uranium exploration and the varieties of deposits that the area may contain. These criteria are the following.
General (for all types of deposits): 1. Belts or regions of broadly similar geologic features in which nranimn nfineralization has already been reported in several (preferably numerous) areas. Although, as discussed above, the mobility of uranium makes it impossible to predict uranium concentrations at depth from surface measurements, geologically homogeneous areas that do not contain reported uranium occurrences somewhere must be considered less favorable than those that do.
2. Abundance of silicic and alkali-rich intrusive rocks. Uranium tends to concentrate in these highly differentiated rock types. 
